Stress response gene ATF3 is one of the p53 target genes and has a tumor suppressor role in cancer. However, the biological role of p53-ATF3 pathway is not well understood. Death receptor 5 (DR5) is a death domaincontaining transmembrane receptor that triggers cell death upon binding to its ligand TRAIL (tumor necrosis factor-related apoptosis-inducing ligand), and a combination of TRAIL and agents that increase the expression of DR5 is expected as a novel anticancer therapy. In this report, we demonstrate that ATF3 is required for efficient DR5 induction upon DNA damage by camptothecin (CPT) in colorectal cancer cells. In the absence of ATF3, induction of DR5 messenger RNA and protein is remarkably abrogated, and this is associated with reduced cell death by TRAIL and CPT. By contrast, exogenous expression of ATF3 causes more rapid and elevated expression of DR5, resulting in enhanced sensitivity to apoptotic cell death by TRAIL/CPT. Reporter assay and DNA affinity precipitation assay demonstrate that at least three ATF/CRE motifs at the proximal promoter of the human DR5 gene are involved in the activation of DNA damage-induced DR5 gene transcription. Furthermore, ATF3 is shown to interact with p53 to form a complex on the DR5 gene by Rechromatin immunoprecipitation assay. Taken together, our results provide a novel insight into the role of ATF3 as an essential co-transcription factor for p53 upon DNA damage, and this may represent a useful biomarker for TRAIL-based anticancer therapy.
Introduction
Apoptosis is a natural physiological process of programmed cell death that helps to eliminate irreversibly damaged cells. Deregulation or resistance of transformed cells to apoptosis contributes to the development of cancers (Hanahan and Weinberg, 2000) , and current cancer therapeutics partly aim to enhance programmed cell death (Sellers and Fisher, 1999; Nicholson, 2000) . In colorectal cancers, an increased cell death is directly correlated with tumor regression after radiation or chemotherapy (Scott et al., 1998; Farczadi et al., 1999) . Thus, understanding the molecular mechanisms that result in cancer cell death may lead to the development of novel cancer therapeutic approaches against colorectal cancer.
Apo2L/TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) is a member of the tumor necrosis factor cytokine family and expressed as a type II transmembrane glycoprotein (Wiley et al., 1995; Pitti et al., 1996) . On binding to functional receptors death receptor (DR)4 or DR5, Apo2L/TRAIL causes trimerization of the receptors required for the recruitment of an adaptor protein FADD and the formation of DISC through recruiting the initiator caspase-8 or -10 (Kischkel et al., 2000; Sprick et al., 2000; Wang et al., 2001) , resulting in apoptotic death of cancer cells without significant toxicity toward normal cells. This extrinsic pathway is p53-independent, and in some cells, death receptor engagement suffices for commitment to apoptotic cell death. DRs can also activate the intrinsic pathway by caspase-8-mediated cleavage of the pro-apoptotic BCL2 member BID, thus causing its interaction with BAX and BAK, which results in the release of mitochondrial cytochrome c to activate caspase-9 and -3 (Eskes et al., 2000; Wei et al., 2000; LeBlanc et al., 2002) . In other cell types, however, commitment to apoptosis requires amplification of extrinsic death receptor signal by the cell-intrinsic pathway, which usually involves p53. DNA damage induced by radio-and chemotherapeutic agents activates p53, which in turn activates different proand antiapoptotic Bcl-2 family proteins. Relative ratio of these BcL-2 family proteins determines ultimate sensitivity of cancer cells to apoptosis (Green and Evan, 2002) . Thus, a combination therapy of Apo2L/TRAIL or its agonizts with several reagents that enhance the intrinsic pathway is considered to be the potential therapeutic interventions (Ashkenazi and Herbst, 2008) .
Camptothecin (CPT) is a potent DNA topoisomerase I inhibitor that stall DNA replication by causing singleand double-strand DNA breaks, resulting in cell cycle arrest at G2/M phase. In fact, for metastatic colon cancer and ovarian cancer, CPT is a key component of the first or second line treatment (Fuchs et al., 2006; Legarza and Yang, 2006) . When used in combination with Apo2L/ TRAIL, CPT reversed cell cycle arrest and greatly sensitized colon cancer cells to Apo2L/TRAIL-mediated apoptosis or eliminated metastasis both in vitro and in vivo (Gliniak and Le, 1999; LeBlanc et al., 2002; Naka et al., 2002; Xiang et al., 2002; Wang and El-Deiry, 2003) . The expression level of DR5 or DR4 correlates with increased responsiveness to Apo2L/TRAIL-mediated apoptosis, and selective induction of DR5 or DR4 gene transcription by p53-dependent pathway has been reported in a number of cancer cell lines treated with CPT (Wu et al., 1997; Sheikh et al., 1998; LeBlanc et al., 2002; Xiang et al., 2002) . Furthermore, Takimoto and ElDeiry reported that the human DR5 gene is transactivated by p53 through an intronic p53-binding DNA motif (Takimoto and El-Deiry, 2000) . However, the role of other transcription factor(s) that co-regulates with p53 to modulate DR5 expression remains elusive.
The stress-inducible transcription factor ATF3 is a member of the ATF/CREB family of basic-leucine zipper (bZip) type transcription factors. Its messenger RNA (mRNA) level is low or undetectable, but is greatly induced upon exposure of cells to a variety of stress signals, including genotoxic agents such as CPT, doxorubicin and etoposide, as well as cytokines and growth factors (Hai et al., 1999 and references herein) . Remarkably, ATF3 has a dichotomous role in determining cell fate. For example, it has a positive role in cell proliferation (Hsu et al., 1991; Tamura et al., 2005) and oncogenesis (Yin et al., 2008; Wu et al., 2010) . By contrast, upon DNA damage, ATF3 is induced downstream of p53 and its expression is correlated with apoptotic cell death (Amundson et al., 1999; Fan et al., 2002; Zhang et al., 2002) . Also, ATF3 has been shown to be a direct target of p53 (Amundson et al., 1999; Fan et al., 2002; Zhang et al., 2002; Wei et al., 2006; Riley et al., 2008) . Furthermore, of intrigue, Yan et al. demonstrated that ATF3 protein directly interacts with p53 under genotoxic stress and stabilizes p53 by inhibiting its ubiquitylation (Yan et al., 2005) . More recently, physical interaction of ATF3 with p53 is reported by a global analysis of interaction of transcription factors (Ravasi et al., 2010) . Taken together, these may imply a possible role of ATF3 in apoptosis, cell cycle arrest and DNA repair by regulating p53. However, at this moment, our knowledge on the cooperative role of ATF3 with p53 at the transcription regulation is limited.
Here, we report that the stress response gene ATF3 acts as a transcriptional activator of DR5 expression by CPT in human colorectal cancer cells, and is an essential co-transcription factor for p53 to activate the DR5 gene promoter, providing an insight into the biological role of p53-ATF3 pathway. This study also describes evidence for the implication of ATF3 in TRAIL-induced apoptosis of cancer cells, and ATF3 may represent a novel biomarker of TRAIL-based therapeutic approach.
Results
CPT causes p53-dependent induction of ATF3 and DR5 in HCT116 cells In our search for target genes of ATF3 using genomewide Chromatin immunoprecipitation (ChIP)-on-chip screening, ATF3 was significantly recruited onto the proximal promoter of the DR5 gene upon DNA damage (GEO: accession number GSE18457, http://www. ncbi.nlm.nih.gov/geo/). To understand the role of ATF3 in DR5 induction, we examined the expression of ATF3 and DR5 in CPT-treated human colon cancer HCT116 cells. As shown in Figure 1a , both ATF3 and DR5 were upregulated following the p53 stabilization in cells with wild-type (wt) p53 gene, but this induction was significantly suppressed in HCT116 p53 null cells. Figure 1b shows that ATF3 mRNA was more rapidly induced with a peak at B6 h after treatment and then declined. By contrast, DR5 mRNA continued to increase until 24 h. These results indicate that CPT causes p53-dependent upregulation of ATF3 and DR5, suggesting that ATF3 might have a role in DR5 induction. DR4 mRNA was also upregulated in a p53-dependent manner (Supplementary Figure 1a) .
ATF3 is required for DR5 induction upon DNA damage in HCT116 cells and in other cancer cells Next, we addressed if ATF3 has a role in DR5 induction. To this end, we employed loss of function of gene approach using small interfering RNAs specific for ATF3. As shown in Figure 2 , knockdown of ATF3 significantly suppressed the induction of DR5 protein and mRNA (Figure 2a ) in HCT116 p53 wt cells, compared with control small interfering RNA. We further examined the effect of ATF3 knockdown in HCT116 p53 null cells as both ATF3 and DR5 were still induced by CPT in these cells (Figure 1a ). Figure 2b shows that the induction of DR5 protein and mRNA was suppressed by knockdown of ATF3. These data demonstrate that the DR5 gene is induced by CPT in both p53-dependent and -independent manner, and ATF3 has a role in both pathways. Knockdown of ATF3 also abrogated the CPT-induced upregulation of DR4 mRNA (Supplementary Figures 1b and c) . We next examined if ATF3 is required for DR5 induction by doxorubicin and etoposide, as these agents are known to induce ATF3 and DR5. Figure 2c shows that knockdown of ATF3 significantly inhibited the induction of DR5 mRNA by doxorubicin and etoposide in HCT116 cells. Further, the DR5 induction by CPT was significantly abrogated by knockdown of ATF3 in other human cancer LoVo cells and MCF7 cells (Figure 2d ). Thus, it is supported that ATF3 is required to induce the DR5 gene transcription upon DNA damage in various cancer cells. As shown in Supplementary Figures 2a and  b , the induction of DR4 upon DNA damage was also suppressed by ATF3 knockdown.
Loss of p53 and atf3 strongly inhibits CPT-induced DR5 expression in mouse embryonic fibroblasts (MEFs) In order to confirm the role of ATF3 for the induction of DR5 more clearly, we generated atf3 knockout mice using Cre-loxP recombination system (Figures 3a-c) . MEFs prepared from atf3 null or p53 null mice were treated with CPT in parallel, and DR5 induction was examined. Figure 3d shows that, in p53 null MEFs, upregulation of atf3 mRNA (left panel) and dr5 mRNA (right panel) are remarkably suppressed, indicating both genes were activated downstream of p53 in response to CPT. In atf3 null MEFs (Figure 3e ), the induction of dr5 mRNA was significantly suppressed (left panel) as well. When the expression of ATF3 was re-introduced into the atf3 null MEFs, the induction of dr5 mRNA was recovered to almost wt level (right panel). Similarly, the induction of DR5 protein by CPT was less in p53 null and atf3 null MEFs (Figure 3f left panel) . It should be noted that CPT-induced DR5 protein level was clearly restored in ATF3 re-introduced MEFs (Figure 3f right panel) . These data strongly support that ATF3 is a positive regulator of DR5 induction upon DNA damage.
ATF3 is required for cell death induced by a combination of TRAIL and CPT TRAIL induces apoptotic cell death upon binding to its receptor DR5 in HCT116 cells, and its activity is augmented by pre-treatment of cells with CPT (Gliniak and Le, 1999; LeBlanc et al., 2002; Naka et al., 2002; Xiang et al., 2002; Wang and El-Deiry, 2003) . Thus, we next examined the role of ATF3 in cell death by the combined treatment with TRAIL and CPT. Figure 4 shows that both reagents, when present in combination, markedly induced death of HCT116 cells. By contrast, knockdown of ATF3 significantly inhibited the cell death measured by cell death assay or fluorescence-activated cell sorting analysis (Figures 4a-c ). This suppression was accompanied by biochemical evidence that siATF3 downregulated the cleavage of PARP and caspase-3, markers of apoptotic cell death ( Figure 4d ). We next tested the effect of ATF3 on DR5 expression and TRAIL-induced cell death by overexpressing ATF3. As shown in Figure 4e , exogenous ATF3 expression caused modest upregulation of DR5 in the absence of CPT, but treatment with TRAIL and CPT caused much higher and more rapid induction of DR5 in the ATF3-overexpressing cells than in the control cells. Consistently, more cell death was observed in ATF3-overexpressing cells by TRAIL/CPT. Collectively, it is indicated that ATF3 is required for an increased sensitivity of cells to the combined treatment of TRAIL and CPT.
ATF3 is recruited onto the DR5 gene promoter and induces the DR5 gene-luciferase activity in response to CPT Data above strongly support that ATF3 activates the DR5 gene transcription upon CPT treatment, and our genome-wide ChIP-on-chip analysis demonstrated that ATF3 was recruited onto the DR5 gene promoter upon DNA damage (Supplementary Figure 3) . To delineate the cis-element(s) responsible for the DR5 induction by ATF3, we first examined the in vivo recruitment of ATF3 onto the possible ATF/CRE motifs in the human DR5 gene as illustrated in Figure 5a . Among the six motifs tested, ATF3 was indeed recruited onto the ATF-BS2, 3 and 4 sites in response to CPT (Figure 5b ). p53 was recruited to the p53-BS as reported (Takimoto and El-Deiry, 2000) . Next, we assayed the promoter activity of the human DR5 gene using various luciferase reporter constructs. Figure 5c showed that pGL2-Full, pDR5-448, -418 and -198, but not further deletion to -168, were clearly activated by CPT, demonstrating that CPT response is mediated by sequence from À418 to À168 containing ATF-BS3 and 4. Thus, a set of mutations of BS3 or BS4 of the pDR5-418 reporter was constructed. As shown in Figure 5d , BS-3 or BS4 mutant alone Relative expressions of these transcripts were normalized to GAPDH. *Po0.05; **Po0.01.
ATF3 promotes p53-dependent DR5 induction K Taketani et al (3m4w and 3w4m) caused modest but significant reduction, but the mutant of both sites (3m4m) almost abrogated the induction, indicating these two sites are fully required for CPT response. In Figure 5e , the induction of pDR5-418 and pGL2-Full was reduced in ATF3 knocked-down cells. We further examined the effect of ATF3 and p53 expression on the reporter activity using p53-deficient HCT116 cells. As shown in Figure 5f , ATF3 as well as p53, but not mutant p53, induced the reporter activity of pDR5-418. When both p53 and ATF3 were expressed, the synergistic induction of reporter activity was observed, especially in lower expression of p53. This might suggest a predominant role of p53 in DR5 induction. Collectively, these data support that ATF3 is an activator of the DR5 gene expression through its recruitment to ATF/CRE motif, at least, BS3 and BS4 sites on the promoter of the DR5 gene and ATF3 cooperates with p53 in the CPT-induced DR5 gene expression.
ATF3 interacts with ATF/CRE binding motifs of the human DR5 gene promoter in response to CPT and cooperates with p53
To examine direct binding of ATF3 onto the ATF/CRE motifs in the DR5 gene promoter, we performed DNA affinity precipitation (DNAP) assay using biotin-labeled ATF-BS2, 3 and 4 oligonucleotides. As shown in Figure 6a , all of these showed specific binding of ATF3 in CPT-treated HCT116 cells, and more importantly the binding was abrogated with wt, but not mutant probes. It is reported that ATF3 physically interacts with p53 under genotoxic stress (Yan et al., 2005; Ravasi et al., 2010) , thus, we measured the interaction of ATF3 with p53 in CPT-treated (d, e) Wt and p53 null MEFs (d) or atf3 null MEFs (e) were treated with 2.0 mM CPT for the indicated time, and assayed for atf3 and dr5 mRNAs by qRT-PCR. In (e), the induction of dr5 mRNA was also assayed after the human ATF3 was re-introduced into atf3 null MEFs as in Materials and methods. Relative expression of transcripts was normalized to GAPDH. (f) Wt and p53 null or atf3 null MEFs were treated with 2.0 mM CPT for 12 h, then, DR5, ATF3 and p53 proteins were analyzed by western blotting. ) were visualized using 6-diamidino-2-phenylindole staining under a fluorescence microscope. Arrowheads show fragmented nuclei. (c) HCT116 cells stably expressing siGFP or siATF3-363 were treated with 0.2 mM CPT with or without 2.5 ng/ml TRAIL for 24 h, then fluorescence-activated cell sorting analysis was carried out as in Materials and methods. Relative cell number at sub-G1 fraction was quantitated as sub-G1 population (%). (d) Whole-cell extracts of HCT116 cells treated as in (a) were analyzed by western blotting using anti-PARP, anticaspase3, anticleaved caspase3, anti-ATF3 or anti-DR5 antibodies. (e) HCT116 cells stably expressing ATF3 or GFP were treated with 0.2 mM CPT for the indicated time, and whole-cell extracts were analyzed by western blotting using anti-DR5, anti-ATF3 or anti-p53 antibodies (upper panel). In the middle panel, cells were treated with 0.2 mM CPT with or without 2.5 ng/ml TRAIL for 24 h, and trypan blue exclusion assay was carried out as in (a). Data represent means with s.e. of three independent experiments.*Po0.05. Cells treated as in the middle panel were subjected to fluorescence-activated cell sorting analysis (lower panel) as in (c).
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clearly show that ATF-BS2, 3 and 4 were specifically enriched in the chromatin complexes immune-isolated by anti-p53 antibody, followed by anti-ATF3 antibody and vice versa, suggesting that ATF3 and p53 are present in the same chromatin complexes on the DR5 gene promoter. These data, altogether, support that ATF3 binds to ATF/CRE motifs of the DR5 gene promoter and also interacts with p53 in the intron 1, providing evidence for integrated chromatin complex of ATF3 with p53. Relative luciferase activity represents the fold induction compared with untreated pDR5-Luc418 (3w4w). (e) Cells whose ATF3 expression was retrovirally knocked down were transfected with pGL2-Full or pDR5-Luc418, treated with 1.0 mM CPT for 12 h, and assayed for luciferase activity. Relative luciferase activity represents the fold induction compared with untreated cells with PGL2-Full. (f) HCT116 cells deficient for p53 allele were co-transfected with 0.5 mg pDR5-Luc418 and indicated effector expression vectors (pCI-ATF3: 0.5 mg, pCMV-p53wt: 0.005 mg, 0.05 mg, 0.5 mg, pCMV-53 mt: 0.5 mg), then assayed for luciferase activity. Relative luciferase activity represents the fold induction compared with that without effector plasmids. All the data are shown as means with s.e. bars of three independent experiments. *Po0.05, w significant against no effector expression vector (Po0.05).

Discussion
We and others have previously shown that the stress response gene ATF3 is one of the p53 target genes upon genotoxic stress (Amundson et al., 1999; Fan et al., 2002; Zhang et al., 2002; Wei et al., 2006; Riley et al., 2008) ; however, its biological significance still remained elusive. In this study, we clearly demonstrate that the DR5 gene is a direct target of ATF3 upon DNA damage, and ATF3 has a key role in apoptosis induced by CPT/TRAIL co-treatment of human colorectal cancer cells. Upon CPT treatment of human colorectal cancer HCT116 cells, ATF3 was recruited onto at least three ATF/CRE motifs on the DR5 gene promoter, BS2, 3 and 4, which are localized in the proximity to the major transcriptional start sites determined by Yoshida et al. (2001) . These ATF3 bindings to the proximal promoter region of the DR5 gene were consistent with data by genome-wide ChIP-on-chip screening of cells treated by MMS (GEO: accession number GSE18457). The sequences of BS2, 3 and 4 are not perfectly matched to the one of ATF/CRE consensus motif, TGACGTCA, but ATF3 specifically bound to all of the motifs in DNAP assay (Figure 6 ). BS3 and 4 have positive effect in reporter assay, whereas BS2 did not show apparent effect ( Figure 5 ). Thus, it is likely that these sites function like three tandem sites for ATF3 binding, and the deletion of the most 5 0 upstream BS2 site had only modest effect on the reporter activity.
In particular, our data support that the p53-ATF3 axis includes multiple interfaces for the induction of the DR5 gene expression. First, as shown previously, p53 stabilized upon DNA damage brings about the efficient transcription of ATF3 gene, as one of the p53 target genes (Amundson et al., 1999; Fan et al., 2002; Zhang et al., 2002) . Second, as shown in the Figure 6 of the present study, the IP and re-ChIP data display that both proteins are recruited to the same chromatin complex on the DR5 gene promoter. We thus propose that the protein-protein interaction of p53 and ATF3 may cause two regions, the ATF/CRE site on proximal promoter and the p53 binding site in the intron 1, to come in close proximity, resulting in the facilitated DR5 gene transcription (Figure 7) . In this regard, we predict that the ATF3 promotes p53-dependent DR5 induction K Taketani et al intervening region between ATF/CRE and p53 sites is likely to form a gene-loop structure. As the third interface, Yan et al. (2005) reported that ATF3 prevents p53 from MDM2-mediated degradation by blocking its ubiquitylation, thus, knockdown of ATF3 causes inefficient p53 induction and impaired apoptosis. In this study, however, we could not detect significant reduction of p53 protein level upon CPT treatment in ATF3 knocked-down cells (Figure 1c) . Collectively, it is highly likely that ATF3 mediates the signal of activated p53 as multi-faceted device. In this report, for the first time, we have provided the evidence that ATF3 is an essential transcription cofactor for p53 in inducing the DR5 gene transcription upon DNA damage. Even so, our present results do not exclude roles for other known factors in the DR5 gene activation. Several transcription factors such as c-Myc, CHOP or SP1 are reported to be involved in DR5 gene expression (Yoshida et al., 2001; Yamaguchi and Wang, 2004; Sussman et al., 2007) . Indeed, we quantified CHOP mRNA and found approximately twofold increase in CPT-treated HCT116 cells independently of p53 gene status (data not shown). As CHOP and SP1 binding sites on the human DR5 gene promoter are located close to those for ATF/CRE, these factors probably have a role in DR5 expression in this study. By contrast, c-Myc mRNA or protein did not change significantly (data not shown). However, using genomatix software, we found a candidate E-box motif with score of 0.93 at rather far upstream region of human DR5 gene promoter. The possible implication of these factors in DR5 gene activation must await further study. It is worth considering the extraordinary complexity of the ATF3 function in vivo. For example, ATF3 has been reported to have a dichotomous role in cancer, as tumor suppressor or oncogenic gene (Yin et al., 2008) . Indeed, ATF3 is correlated with tumor growth and metastasis in various cancers, such as prostate cancer (Pelzer et al., 2006) , Hodgkin disease (Janz et al., 2006) , mammary cancer (Yin et al., 2008) and more recently skin cancer (Wu et al., 2010) . We have previously reported that ATF3 downregulates p53 at the transcription level in primary human umbilical vein endothelial cells or cardiomyocytes . This ATF3-p53 negative feedback is also reported in skin cancer (Wu et al., 2010) . However, the present study is consistent with the role of ATF3 as a tumor suppressor by upregulating DR5 in HCT116 cells under CPT-TRAIL co-treatment to cause cancer cell death. In this regard, it is also reported that ATF3 induces TRAIL in UV-induced apoptosis of skin keratinocytes (Turchi et al., 2008) or diindolylmethane-treated pancreatic cancer cell death (Yoon et al., 2011) . In this study, we did not examine if TRAIL was also induced downstream of ATF3 in HCT116 cells, but it is of intrigue to note that ATF3 upregulates not only DR4/5 but also its ligand TRAIL, synergistically enhancing TRAIL-dependent cell death in vivo. Indeed, Hackl et al. (2010) recently reported that HCT116 cells whose ATF3 expression is stably knocked down significantly enhance tumor growth and metastasis of cells in xenografts, supporting that ATF3 functions as a tumor suppressor in colorectal cancer cells.
Although some cancer cells are resistant to TRAIL therapy, combination anticancer therapy by TRAILbased approach can generally result in an additive tumoricidal effect due to the activation of independent stress pathways. In this report, upon co-treatment by TRAIL/CPT, ATF3 has a pro-apoptotic role in a p53-dependent manner. It is noteworthy that DR5 is upregulated by overexpression of c-Myc or oncogenic Ras mutants, resulting in an enhanced sensitivity of cells to TRAIL-induced death (Nesterov et al., 2004; Wang et al., 2004) , as we and other groups reported that ATF3 is expressed downstream of c-myc (Tamura et al., 2005) and oncogenic Ras (Lu et al., 2006; Miyazaki et al., 2009) . While it is still unclear how c-Myc or oncogenic Ras regulate TRAIL receptor signaling, ATF3 may be involved in the induction of DR5 by c-Myc or Ras. This remarkable connection between ATF3 and other cancerrelated genes must necessitate a clear delineation.
Finally, we demonstrated that ATF3 is a proapoptotic transcription factor that cooperates with p53 on the DR5 gene promoter, and has a key role in cell death by TRAIL-CPT co-treatment. ATF3 may be used as a novel biomarker for sensitivity of cells to Apo2/ TRAIL-based therapy, and a tool to discover the truly effective agents for the TRAIL-combined anticancer therapy.
Materials and methods
Plasmids, antibodies and reagents Expression plasmids encoding human ATF3 and human wt or mutant p53 were as described (Cai et al., 2000; Zhang et al., 2002) . Retrovirus vector for human ATF3 was constructed using pMX-puromycin vector provided from Dr Kitamura. Antibodies used were as follow: anti-ATF3 (C19), anti-p53 (DO-1 and FL-393) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-b-actin (AC-74) from Sigma-Aldrich (St Louis, MO, USA), anti-DR5 from ProSci (San Diego, CA, USA), anti-PARP from R&D systems (Minneapolis, MN, USA), anticaspase3 from BD Transduction Laboratories (Franklin Lakes, NJ, USA) and anticleaved caspase-3 from Cell Signaling Technology (Beverly, MA, USA). CPT, doxorubicin and etoposide were purchased from SigmaAldrich, and recombinant human APO2/TRAIL was from PeproTech (Rocky Hill, NJ, USA). Other chemicals were reagents grade.
Cell culture and medium HCT116 cells with wild p53 allele, LoVo cells and MCF7 cells were obtained from American Type Culture Collection (Manassas, VA, USA). HCT116 cells with null p53 allele were kindly provided from Dr Vogelstein. Culture media used were McCoy medium for HCT116 cells, Dulbecco's modified Eagle's medium for LoVo and RPMI medium for MCF7.
Generation of mutant mice and MEFs
Knockout mice deficient for atf3 gene were produced by homologous recombination in embryonic stem cells. The targeting vector contained the following elements: (1) a loxP site was inserted into the 5 0 intron of exon 2; (2) a neomycin ATF3 promotes p53-dependent DR5 induction K Taketani et al gene cassette surrounded by two loxP sites were inserted into the 3 0 intron of exon 2; and (3) a diphtheria toxin gene cassette was placed next to the homologous long-arm sequence. This targeting vector was electroporated into embryonic RW4 stem cells, positive clones were selected by G418, clones harboring homologously recombined atf3 mutant alleles were identified by Southern blotting and mice were generated from these clones by blastocyst injections. The floxed mice were then crossed with EIIa-Cre mice expressing Cre-recombinase in germ cells. Constitutive atf3 knockout mice were genotyped by PCR using the following primers: #1, 5 0 -ACTGGGGCAAA GAAACATACC-3 0 (forward) and 5 0 -AAAAAGAATCGG GAAGACACT-3 0 (reverse); #3, 5 0 -GGTGTGTTTACCTTC TTCATT-3 0 (forward) and 5 0 -TCTTGATCTTCCTGTTT CAGT-3 0 (reverse). EIIa-Cre mice were purchased from Jackson Labs (Bar Harbar, ME, USA), and p53 knockout mice were obtained as described (Donehower et al., 1992) . MEFs were isolated by trypsinization of embryos dissected on the day 13.5 of gestation, and cultured in Dulbecco's modified Eagle's medium. All animal experiments were done with the approval of the Institutional Animal Care Committee of the Tokyo Medical and Dental University, and Osaka Medical Center for Cancer and Cardiovascular Diseases.
Whole-cell extracts and western blot analysis Whole-cell extracts were prepared and subjected to western blot as described (Cai et al., 2000) . Densitometric measurement of bands was performed by scanning immunoblot images using the Image J software (Bethesda, MD, USA).
Quantitative reverse transcription (qRT)-PCR
qRT-PCR was performed as described (Miyazaki et al., 2009) . The following primer pairs were employed: human ATF3, 5 0 -CTCCTGGGTCACTGGTGTT-3 0 (forward) and 5 0 -TCT GAGCCTTCAGTTCAGCA-3 0 (reverse); human DR5, 5 0 -CA GGTGTCAACATGTTGTCC-3 0 (forward) and 5 0 -ATCGA AGCACTGTCTCAGAG-3 0 (reverse); human DR4, 5 0 -ACA GGTGTCACTGTACAGTC-3 0 (forward) and 5 0 -AGGGC ACGATGTTTGCAAAC-3 0 (reverse); human glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 5 0 -GAGTCAACGGA TTTGGTCGT-3 0 (forward) and 5 0 -TTGATTTTGGAGGGA TCTCG-3 0 (reverse); mouse ATF3, 5 0 -TTACCGTCAACAA CAGACCC-3 0 (forward) and 5 0 -TCAGCTCAGCATTCACA CTC-3 0 (reverse); mouse DR5, 5 0 -GAGGCAATGGTTGCT CTGTA-3 0 (forward) and 5 0 -CTATGTCCGAACAATAC TCG-3 0 (reverse); mouse GAPDH, 5 0 -CGTCCCGTAGACAA AATGGT-3 0 (forward), 5 0 -TTGATGTTAGTGGGGTCT CG-3 0 (reverse). GAPDH was used as an internal control. Data represent means with s.e. bars of three independent experiments.
Knockdown of ATF3
Mixture of small interfering RNA oligos specific for ATF3 (SMARTpool, Dharmacon, Lafayette, CO, USA) were transfected into cells using X-tremeGENE transfection reagent (Roche, Basel, Switzerland). Control RNAi (AM4611) was a silencer control from Ambion (Applied Bioscience, Carlsbad, CA, USA). Retrovirus vector siATF3-363 was constructed by subcloning an oligonucleotide 363, 5 0 -TGGAAAGTGTGT GAATGCTGAACT-3 0 , into pMX-puroII-U6 (Morita et al., 2000) . Cells were first transfected with pcDNA-mcat-encoding ecotropic retrovirus receptor for 48 h, followed by infection with retrovirus for siATF3-363 or siGFP as control, then selected in 2 mg/ml puromycin for several days.
Trypan blue exclusion assay, morphological analysis and fluorescence-activated cell sorting analysis Trypan blue exclusion assay and fluorescence-activated cell sorting analysis were performed as described . For morphological analysis, cells were fixed in methanol, incubated with 4 0 , 6-diamidino-2-phenylindole, and then analyzed using a fluorescent microscope (Olympus, Tokyo, Japan) at 420 nm.
Luciferase assay
Reporter plasmids and þ 1 with wt or mutant p53 binding site were prepared by subcloning each DNA fragments into pGL3 vector (Promega, Madison, WI, USA). A set of pDR5Luc-418 reporter plasmids containing mutations of ATF-BS3 or -BS4 were prepared by an overlap extension PCR protocol (Pan and McEver, 1993) . pGL2-Full and pDR5PF, and its 5 0 deletions were kind gifts from Dr El-Deiry and Dr Sakai, respectively. Luciferase activity was measured using a Dual Luciferase Reporter Assay System from Promega as described (Cai et al., 2000; Tamura et al., 2005) . Data represent means with s.e. bars of three independent experiments.
Immunoprecipitation
Nuclear extracts (60 mg of protein) prepared from HCT116 cells were incubated with 1 mg anti-ATF3 or anti-p53 antibodies, respectively, and the immune complexes were washed, eluted and subjected to western blot.
ChIP and re-ChIP
ChIP assays were performed as described (Tamura et al., 2005) using the following primer pairs: ATF3-BS1, 5 0 -AGGC AGCTCCACCTGCAAC-3 0 (forward) and 5 0 -GATACACA GTGCCAATTGGTG-3 0 (reverse), ATF3-BS2, 5 0 -AGCGAC TCTGAACCTCAAGA-3 0 (forward) and 5 0 -GTGGTTTGT TTCTGGGTCCTG-3 0 (reverse), ATF3-BS3, 5 0 -AAGGTT AGTTCCGGTCCTTC-3 0 (forward) and 5 0 -TTCCACCAC AGGTTGGTGAC-3 0 (reverse), ATF3-BS4, 5 0 -GCAGTTGC ACATTGGATCTG-3 0 (forward) and 5 0 -TATGTGTCCAG GCTGACTTG-3 0 (reverse), ATF3-BS5, 5 0 -AAAGAAAGC CACAACAGCCG-3 0 (forward) and 5 0 -CTCTGCTCACTG CAACTTCT-3 0 (reverse), ATF3-BS6, 5 0 -CCTCCCAAAAT GCTGGGATT-3 0 (forward) and 5 0 -AAGAGCCCTCACAG GGAAAT-3 0 (reverse), p53-BS, 5 0 -AAGACCCTTGTGCTCG TTGT-3 0 (forward) and 5 0 -CGGGAATTTACACCAAGT GG-3 0 (reverse), GAPDH, 5 0 -CTTGACTCCCTAGTGTC CTTC-3 0 (forward) and 5 0 -AAGGTCTTGAGGCCT-3 0 (reverse). In re-ChIP assay, chromatin complexes immunoprecipitated by the first antibody were eluted by 10 mM dithiothreitol. After centrifugation, the supernatant was diluted 20 times with re-ChIP buffer (1% Triton X-100, 2 mM ethylenediaminetetraacetic acid, 150 mM NaCl, 20 mM Tris-HCl, and pH8.0) and subjected to the ChIP procedure by the second antibody.
DNAP assay DNAP assay was performed as described (Suzuki et al., 1993) . Briefly, nuclear extracts (100 mg) from HCT116 cells (Cai et al., 2000) were mixed with biotinylated ATF/CRE probe (100 pmol) in a buffer containing 1 mg poly(dI-dC). Streptavidin agarose beads (Sigma-Aldrich) were added and mixed gently for 1 h. Beads were collected and washed twice, and the bound proteins were analyzed by western blotting. Sequences of ATF/CRE probes were as follows with binding motifs underlined. Wt BS-2 probe, 5 0 -ACCCCGGGAGGCGT CAACTCCCCA-3 0 , mutant BS-2 probe, 5 0 -ACCCCGGGA GGAGACAACTCCCCA-3 0 ; wt BS-3 probe, 5 0 -GATTGCG TTGACGAGACTCTTATT-3 0 , mutant BS-3 probe, 5 0 -GAT TGCGTTGTCTAGACTCTTATT-3 0 ; wt BS-4 probe, 5 0 -GCC CCGAATGACGCCTGCCCGGA G-3 0 , mutant BS-4 probe, 5 0 -GCCCCGAATGTCTCCTGCCCGGA G-3 0 .
Statistical analysis
Two-tailed Student's t-test was used for statistical analysis of comparative data. Data are presented as mean±s.d., and values of Po0.05 were considered as significant.
